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Abstract
Variable impedance actuators (VIAs) are being designed and implemented because of their ability to minimize large forces due to
shocks, to safely interact with the user, and their ability to store and release energy in passive elastic elements. This paper describes
the state of the art in the design of actuators using ﬂuid and gas. The physical model of meso- micro types are shown as well as
their property both in dynamic function and stiffness band. The control schematic is proposed and the simulation example based
on stiffness-stroke task is presented. Further, the realization of variable impedance based on link rotation is demonstrated and
analyzed which is a valuable application of robotics arm.
c© 2013 The Authors. Published by Elsevier Ltd.
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1. Introduction
In the growing ﬁelds of rehabilitation robotics, prosthetics, wearable robotics, and walking robotics, variable stiff-
ness actuators (VSAs)1,2,3,4,5,6 are being designed and implemented because of their ability to minimize large forces
due to shocks, to safely interact with the user, and their ability to store and release energy in passive elastic elements.
This paper describes the state of the art in the design of actuators with adaptable passive compliance. This new type of
actuator is not suitable for classical position-controlled applications such as pick and place operations but is preferred
in novel robots where safe human-robot interaction is required or in applications where energy efﬁciency must be
increased by adapting the actuator’s resonance frequency. According to mechanism design and the working principles
function, the VSA are divided into four groups: equilibrium-controlled stiffness7, antagonistic-controlled stiffness8,9,
structure-controlled stiffness (SCS)10,11,12, and mechanically controlled stiffness13,14.
In classical robotic applications, actuators are preferred to be as stiff as possible to make precise position move-
ments or trajectory tracking control easier (faster systems with high bandwidth). The biological counterpart is the
muscle that has superior functional performance and a neuro-mechanical control system that is much more advanced
at adapting and tuning its parameters. The superior power-to-weight ratio, force-to-weight ratio, compliance, and
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Fig. 1: The schematic of variable impedance actuator using gas-liquid
control of muscle, when compared with traditional robotic actuators, are the main barriers for the development of
machines that can match the motion safety, and energy efﬁciency of human or other animals.
In this paper, a new type of VIAs15,16 is proposed using a biphasic media with a gas fraction with the function of
nonlinear elastic element17,18,12. The variation of impedance comes from the variation of pressure of the gas. This
leads to a simple and robust design realizing a signiﬁcant range of stiffness variation. A further point of interest
is that, compared to the state of the art design principles, the use of this biphasic medium is simpler and easier
to apply since there is no need for motors and complex mechanical transmissions19,20. The paper is organized as
follows: Section 2 details the concept of the new biphasic adjustable stiffness mechanism and its modeling. Section 3
discusses the stiffness scope in different initial conditions of gas and also the stiffness dynamic response characteristic.
Section 4 proposes the control method of the actuator and studies two cases according to speciﬁc task. Section 5 draws
conclusions and ongoing development.
Nomenclature
x Displacement of piston (m)
x˙ Velocity of the piston (m/s)
x¨ Acceleration of the piston (m/s2)
pA Pressure in the chamber A (Pa)
pB Pressure in the chamber B (Pa)
qA Volume in the chamber A (m3)
qB Volume in the chamber B (m3)
m Mass of piston (kg)
μ damping coefﬁcient (Ns/m)
S Area of piston (m2)
Θ Angular displacement (rad)
2. Schematic and Physical modeling of the actuator
A schematic of the biphasic ﬂuid actuator is shown in Fig. 1. In this schematic design, the actuator comprises two
chambers each containing a mass of gas segregated in a compliant bag and a volume of liquid.
qA and qB indicate the volumes of liquid moving in/out the chambers (positive if inlet and negative if outlet); pA
and pB are the pressures in the chambers. The liquid is used to modify the volume of the gas in the chambers and
consequently its stiffness.The volume of ﬂuid in the chambers can be controlled using any type of servo controlled
pump and system of valves. Sensors can be used to transduce the values of relevant functional parameters such as
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pressures in the chambers and output motion. The schematic in Fig. 1 represents the functioning principle used in the
actuator to achieve the variation of stiffness. The gas behaves like a nonlinear spring. Two hydraulic servo pumps are
used to move liquid inside-outside the chambers and so drive the mobile part of the actuator, represented by the black
longer vertical stick in the middle. Two pressure sensors are mounted on the chambers to measure the instantaneous
pressures of the ﬂuid inside.
The actuator is modeled referring to the schematic in Fig. 1. Assumptions are listed below. The following differ-
ential equations hold, linking the output motion (described in this case by the displacement x of the piston) to the ﬂuid
pressures, pA and pB, and gas volumes, VA and VB, and environment temperature T in the chambers,according to the
equation of state of a hypothetical ideal gas:
pAVA =CA (1)
pBVB =CB (2)
Let m the mass of the piston (meaning by piston the output link of the actuator); S the net area of the piston (on
which ﬂuid pressures acts), being identical for both chambers; x the displacement of the piston and x˙ and x¨ the ﬁrst
and second derivative of x in the time; μ a damping coefﬁcient related to the viscosity and dissipative properties of the
ﬂuid; CA=nART; CB=nBRT; T the temperature of gas in the chamber; R the ideal gas constant; nA and nB the numbers
of moles for the gas fractions in the chambers. Using dynamic equilibrium and combining with the expressions in
Eq.s (1) and (2), we obtain:
mx¨+μ x˙−
(
CA
VA
− C
B
VB
)
S = 0 (3)
Where qA, qB, T , x, are functions of the time t; VA =VA(0)−qA+Sx; VB=VB(0)−qB−Sx. The structure of this
nonlinear partial differential equation is
U(t,qA,qB,T,x, x˙, x¨) = 0. We consider qA and qB assigned and used to command motion and stiffness of the actuator.
The gas is ideal and sealed in compliant bags respectively. The temperature depends on the environment and should
be constant if operating at low frequency.
2.1. Stiffness expression of translation actuation
When the actuator is in equilibrium under an external force, the difference between the pressures in the two cham-
bers is related to the value of the external force by the geometry and the design of the actuator. In the design in Fig. 1,
the external force is proportional to the difference of pressure through the surface area of the piston: F = (pA− pB)S.
In statics, for any given external force, the values of the pressures in the two chambers may be any provided that their
difference is the one required to balance the external force.
The instantaneous stiffness K of the actuator (of the piston) is the derivative of the external force applied to it
with respect to the displacement. In our case the stiffness is a function of the volumes of liquid moved qA and qB;
Considering ideal the gas, its expression is:
K =
∂F
∂x
=−
(
(pAS)2
CA
+
(pBS)2
CB
)
(4)
According to Eq. (4), it is possible and easy to adapt the stiffness to a desired value or to speciﬁc actuation require-
ments using qA and qB as control variables because we can get the pressure value in the chambers of cylinder using
transducer.
2.2. Stiffness expression of rotation actuation
In order to visualize the stiffness variation through an experiment, the link rotation mechanism illustrated in Fig. 2
and 3 is proposed. Note that the output link serves as rotational actuator, therefore the generalized output force
F is identiﬁed with a torque T and the generalized output piston position x is identiﬁed with a joint angle Θ. The
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instantaneous stiffness K(Θ) of the link mechanism is the derivative of the external torque T (Θ) applied to it with
respect to the angle displacement Θ. In this case, the stiffness is a function of the volumes of liquid moved qA and qB;
Considering ideal the gas, we need to derivate the relation expression between the liquid volume qA , qB and the angle
displacement Θ:
T (Θ) = Fsin(Θ2)Ro (5)
F = (pA− pB)S (6)
Θ2 = arcsin[
Co
Lo+ x
(
Ho
Co
cos(Θ)+
Bo
Co
sin(Θ))] (7)
x =
√
C2o +R2o+2CoRo[
Bo
Co
cos(Θ)− Ho
Co
sin(Θ)]−Lo (8)
Assume that the
γ =C2o +R
2
o+2CoRo[
Bo
Co
cos(Θ)− Ho
Co
sin(Θ)] (9)
α =VA(0)−qA+S(√γ −Lo) (10)
β =VB(0)−qB−S(√γ −Lo) (11)
Then we get the stiffness K(Θ) expression of the link mechanism respect to the angle displacement Θ:
K(Θ) =
∂T (Θ)
∂Θ
(12)
=
∂ [SRoCo{[CAα−1γ−0.5−CBβ−1γ−0.5][HoCo cosΘ+
Bo
Co
sinΘ]}]
∂Θ
(13)
As shown in Eq.s (13), in which the partial differential variable of γ , α , β are respect to Θ as below:
γ ′ =
∂γ
∂Θ
= 2CoRo[−BoCo sin(Θ)−
Ho
Co
cos(Θ)] (14)
α ′ =
∂α
∂Θ
=−SRoCo[BoCo sin(Θ)+
Ho
Co
cos(Θ)]{C2o +R2o+2CoRo[
Bo
Co
cos(Θ)− Ho
Co
sin(Θ)]}− 12 (15)
β ′ =
∂β
∂Θ
= SRoCo[
Bo
Co
sin(Θ)+
Ho
Co
cos(Θ)]{C2o +R2o+2CoRo[
Bo
Co
cos(Θ)− Ho
Co
sin(Θ)]}− 12 (16)
Combine the Eq.s (9) (10) (11) (14) (15) (16), the stiffness K(Θ) is the function of the liquid volume qA , qB and
the angle displacement Θ.
The parameters of the link mechanism is shown in Fig. 2, Where Ho=100 mm, Bo=105 mm,Co=145 mm, Lo=131.5
mm, Ro=120 mm. As for the parameters of cylinder, refer to table 1. It is expected to get rotate torque other than
translation force in practically application. In the mechanism, if there is pressure difference in the chambers of the
cylinder, the piston will drive the link rotate and the cylinder itself will rotate as well. And also, there are two sensors
to measure the force value produced by the piston and the absolute angle variation respectively, as shown in Fig. 3.
2.3. Reference case studies
The model of the actuator is non linear and the behavior depends of its design parameters and initial conditions. We
proceed in the analysis numerically and consider the reasonable design parameters as one at meso-scale (a reasonable
size for use as actuator in a humanoid robot) and the prototype as shown in Fig. 4. The other one at micro-scale (for
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Fig. 2: The Kinematics parameters of the mechanism workbench
Fig. 3: The 3D mechanism workbench
Parameters Meso-scale Micro-scale
Design parameters
m 1 kg 0.001 kg
μ 20 Ns/m 0.2 Ns/m
S 3.778 ×10−4 m2 3.778 ×10−6 m2
cA = cB 300 m3 Pa 3 ×10−1 m3 Pa
Initial conditions V
A(0) =VB(0) 1.5 ×10−4 m3 1.5 ×10−7 m3
pA(0) = pB(0) 2 MPa 2 MPa
Table 1: Design parameters for the meso- and micro-scale example designs
use, to give an idea, in a inchworm robot). Since the micro dimensions involve MEMS fabrication method, we use
the machining method to replace it as demonstration in order to save cost. Table 1 shows the values in the two cases
for all design parameters. To make the results comparable, the arbitrary criterion adopted is to scale the lengths in
the meso and micro designs of one order of magnitude (consequently areas and damping are scaled of two orders and
volumes and masses of three orders).
The model has been implemented in Simulink.
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Fig. 4: The prototype of variable impedance actuator in meso-micro dimensions
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(a) Stiffness scope in Meso dimensions
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Fig. 5: Stiffness scope of different initial gas pressures corresponding piston displacement in meso-scale actuator. left
(a); Meso dimensions, right (b); Micro dimensions.
3. Stiffness band scope variation under load induced in translation and rotation
3.1. Stiffness scope in different initial gas constant
Consider the stiffness scope following piston displacement without liquid ﬂow in/out. Figure 5a shows the stiff-
ness variable as a moving piston with load in the chambers for different initial values of the gas pressure in Meso
dimensions. The values of stiffness are equal in the symmetrical position compare to the stable position of the piston.
Further, the stiffness is bigger if the piston is more close to the extreme position while gets the inﬁnite value if the
volume of the gas in left or right chamber is compressed to zero in extreme position. Figure 5b shows the stiffness
variable as a moving piston with load in the chambers for different initial values of the gas pressure in Micro dimen-
sions.As is shown in Figure 5a,based on the parameters from Section 2.3, the piston stiffness ranges from 102.5 N/m to
104.5 N/m in stable position when the gas initial pressure is from 0.2MPa to 20MPa while in the position X=−0.38m
or 0.38m, the stiffness is from 105 N/m to 107 N/m.
Note that Figure 5b shows the stiffness variable distribution trend is the same as Figure 5a. Consider now the
micro-scale design. We follow the same procedure discussed in the previous example. The variation of stiffness
obtained as a piston displacement without the liquid ﬂow in/out based on the initial gas pressure in the range 0.2 to 20
MPa. The range of variation is scaled compared to the meso-scale design but again very wide. With 0.2 MPa initial
gas pressure, the stiffness varies between 101.5 N/m and 103.5 N/m; with 20 MPa, the range is 104 N/m to 106 N/m.
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Fig. 6: Stiffness variation and scope of different initial gas pressures corresponding link angle displacement. left (a);
Stiffness variation, right (b); Stiffness scope in different initial pressure.
3.2. Stiffness scope of link mechanism in meso dimensions
Consider the stiffness scope following link angle displacement without cylinder liquid ﬂow in/out . Figure 6a
shows the stiffness variable as a link rotation with load in which the chambers’s initial values of the gas pressure in
Meso dimensions is 2 MPa. The values of stiffness distribution is different from those discussions above because
the piston and the link position also affect the stiffness. As we can see, there is a inﬂection point when the link is
vertical to the piston. Further, the stiffness is subject to the stroke of the piston. In our case, the cylinder stroke is
0.15 m and we calculate the scope of the link angle displacement is 0.6 ∼ 2 rad. The stiffness value variable from 14
Nm/rad to 58 Nm/rad. Figure 6b shows the stiffness scope in different initial gas pressure in the chambers.As we can
see, the stiffness variation trend following the link angle displacement is the same. When the initial gas pressure in
the cylinder is 20 MPa, the Max stiffness is 102.75 Nm/rad of the link while the Min stiffness value is 100.15 Nm/rad
when the initial gas pressure is 0.2 MPa. In the rotation mechanism, this stiffness scope band is very wide and takes
advantage to different task.
4. Dynamic control for the actuator
As illustrated in the schematic of Fig. 1 and mathematic model Eq. (1)∼ (4), the stiffness and displacement of the
piston can be controlled through the ﬂows of liquid in the chambers. At this preliminary stage of the investigation of
the actuator, we have applied a simple PID controller18 with controlled variables qA and qB with the aim to investigate
through examples the controllability of the VIA concept proposed. The measured quantities are the position of the
piston and the pressures in the two chambers. The pressures are used to calculate the current stiffness of the actuator
using Eq.s (1), (2), (4). Since the position of the piston depends on qA − qB and the stiffness on qA + qB, two PID
controllers are used relating the control ﬂows q˙A and q˙B to the position error ex and stiffness error eK as follows:
q˙A+ q˙B = Kpxex+Kdxex+Kixex
q˙A− q˙B = KpKeK +KdKeK +KiKeK
(17)
From Eq.s (17), q˙A and q˙B are easily expressed as functions of ex, eK and the proportional, derivative and integral
gains.
The schematic of the control is shown in Fig. 7. The response of the actuator is simulated using all sets of equations
presented above, grouped in a block having q˙A and q˙B as input and, as output, the position x and the pressures pA and
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Fig. 7: Schematic of the control loop
pB. A separate block calculates K from pA and pB. x and K are subtracted to the task-desired values at each control
loop, generating the errors ex and eK used in the two PIDs for the generation of q˙A and q˙B.
Two sets of gains (Kpx[m2s−1], Kdx[m2], Kix[m2s−2], KpK [m4s−1N−1], KdK [m4N−1], KiK [m4s−2N−1]) have been
selected heuristically for the meso- and micro-scale designs: (7 × 10−3, 1 × 10−3, 2 × 10−5, 3 × 10−5, 2 × 10−6,
9 × 10−8) for meso- and (6 × 10−4, 4 × 10−10, 0, 6 × 10−12, 5 × 10−14, 6 × 10−14) for the micro-design. They
have been used in the simulations discussed in the following sections. The simulated tasks are ellipse and square in
the position-stiffness plane of the meso-scale and micro-scale actuator respectively. The position-stiffness plane with
different shape illustrates that the actuator can realize complicates tasks. The ranges of position and stiffness of ellipse
and square are different for the meso- and micro-design: They are shown in Fig.s 8a and 9a, respectively. The ellipse
and square are performed by the actuator in simulation ﬁve times at increasing velocity (the last cycle at twice the
velocity of the ﬁrst cycle); The variations of position and stiffness in the time are shown in Fig.s 8b and 9b for the
meso- and micro-design respectively; These results are discussed in the following sections.
The simulation of each task (meso- and micro-, ﬁve consecutive loops each one) is repeated twice: without and
with an external force applied. The external force is applied instantaneously 0.2 s after each corner of the square task
and removed instantaneously after 0.3 s, as clariﬁed in Fig.s 8b and 9b where the values of the forces are shown in the
time.
The trajectories performed by the actuator are compared to the desired trajectories in Fig. 8a, 9a. With no external
force, the position error is acceptably small at all velocities; The error on stroke is larger but still acceptable consid-
ering the range covered and the basic PID controller used. With external force, the position error keeps averagely
acceptable but peaks and oscillations appear in the stiffness error. PID here appears clearly unsuitable although stiff-
ness in the task is purposely varied in a narrow range of values; For a wider range of stiffness that the actuator can
cover, as shown before) the relevance of these peaks is a small percentage of the total covered range.
4.1. Micro-scale case
The results obtained for the micro-design are similar to the ones for the meso-design discussed above but the
position error is relatively larger compared to the meso-design although still acceptable. This is due to the lower range
of stiffness achievable at same working pressure in the micro-scale due to the scaling of the piston area S with the
square of the lengths. Performed and desired trajectories are compared in Fig. 9a. The PID controller shows again
insufﬁcient. The results in the time are shown in Fig. 9b. Again, the stiffness error does not change signiﬁcantly with
the application of the external force.
4.2. Applications
The applications of VIA using biphasic media can be used in such ﬁeld such as robotics hand which can grasp
fragile objects and robotics arm which can avoid collision with human body and environment around. And also,
minimally invasive robotics surgery (MIRS) using VIA can do less harm to human body.
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(b) Meso-scale design: Time Plane
Fig. 8: Testing tasks in the position-stiffness plane without external force applied, left (a); Position and stiffness in the
time with external force for the ﬁve square testing loops, right (b)
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Fig. 9: Testing tasks in the position-stiffness plane without external force applied, left (a); Position and stiffness in the
time with external force for the ﬁve square testing loops, right (b)
5. Conclusion
The paper proposes a new concept of variable stiffness actuators which uses biphasic media. This new type of actu-
ator is not preferred for classical position-controlled applications such as pick and place operations but is preferred in
novel robots where safe human robot interaction is required or in applications where the micro-dimensions minimum
invasive robotics surgery. The new actuator is discussed both in its schematic model and translation, rotation stiffness
band. The meso and micro physical prototype is fabricated and also a nonlinear control strategy is proposed. The
coupled dual PID controller shows that the model can work well under low load and matches the the task desired.
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